Abstract-We report terahertz coded-aperture imaging using photo-induced reconfigurable aperture arrays on a silicon wafer. The coded aperture was implemented using programmable illumination from a commercially available digital light processing projector. At 590 GHz, each of the array element apertures can be optically turned on and off with a modulation depth of 20 dB and a modulation rate of 1.3 kHz. Prototype demonstrations of 4 4 coded-aperture imaging using Hadamard coding have been performed. Continuous THz imaging with 8 8 pixels has also been demonstrated, using a slowly moving metal strip as the target. In addition, this technique has been successfully applied to mapping THz beams by using a 6 6 aperture array at 590 GHz. The imaging results agree closely with theoretical calculations based on Gaussian beam propagation, demonstrating that this technique is promising for realizing real-time and low-cost terahertz cameras for many applications. The reported approach provides a simple but powerful means to visualize THz beams, which is highly desired in quasi-optical system alignment, quantum-cascade laser design and characterization, and THz antenna characterization.
timization [9] , and THz antenna characterization [10] . To date, the THz imaging systems that have been demonstrated generally fall into one of three categories: (1) single-element imagers that obtain images by mechanical scanning, (2) array imagers [e.g., focal-plane arrays (FPAs)] that consist of an array of imaging sensor elements [6] [7] [8] , and (3) coded-aperture imaging (CAI) using two-dimensional aperture masks [11] [12] [13] [14] . In many applications, important events happen on the scale of microseconds, making imaging by mechanical scanning impractical due to the inherently low frame rates. Array-based imagers such as FPAs can greatly reduce observing and processing time by recording imaging information in parallel. Although FPAs offer the highest imaging speed and signal-to-noise ratio, they tend to be complicated and expensive, especially for large-scale arrays with high imaging resolution.
Compared to THz imaging using mechanical scanning and focal-plane arrays, CAI offers the advantage of both high performance (i.e., high signal-to-noise ratio (SNR) and frame rates approaching video) as well as the potential for realizing simple and low-cost systems. CAI-based systems are based on spatial encoding and modulation to eliminate the need for detector arrays. In this imaging technique, a single THz detector in combination with a series of coded aperture masks is employed in order to obtain an image with an resolution. Measurements with masks are taken, and the same number of linear equations are then solved to reconstruct the object image [11] . This basic concept has been demonstrated using masks fabricated on printed circuit boards [12] . In order to achieve high frame rates with THz CAI, aperture arrays electronically actuated by Schottky diodes [13] and graphene modulators [14] , respectively, have been proposed to realize the required coded masking. However, these approaches require complicated and prepatterned circuits for operation, which also results in expensive and complex systems.
In this paper, we report THz CAI using photo-induced reconfigurable aperture arrays using an unpatterned silicon wafer illuminated by a commercially available digital light processing projector (DLP). The optical THz modulation mechanism described in [15] was employed to spatially modulate each array pixel. Pixels illuminated with light will be turned "off" due to increased photo-induced free carriers and local conductivity, while other pixels remain highly transparent ("on") to the THz signal. This approach allows us to generate extremely largescale reconfigurable coded masks (e.g., 1024 768, only limited by the DLP resolution and carrier diffusion lengths in the 2156-342X © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Si wafer) for THz CAI, without the need for any microfabrication processes or precise alignment. We demonstrate that at 590 GHz, each array element aperture (pixel) can be effectively turned "on" and "off" with a modulation depth of 20 dB and at a modulation rate of 1.3 kHz. Prototype demonstrations of 4 4 coded-aperture imaging using Hadamard coding [11] have been performed, and continuous THz imaging with 8 8 pixels has been demonstrated, using a slowly moving metal strip as the target. In addition, this technique has been successfully applied to mapping THz beams with 6 6 pixels at 590 GHz.
II. THEORY
When light illuminates a semiconductor material, free carriers are generated as long as the photon energy of the light exceeds the band gap energy of the semiconductor. These photoexcited carriers persist for the recombination lifetime , and contribute to the transient photoconductivity of the semiconductor material. The complex conductivity of the semiconductor can be expressed by the Drude response , which is characterized by a Lorentzian resonance centered at zero frequency with a linewidth , i.e., the inverse of the carrier scattering time. The amplitude of the Drude conductivity response is determined by the plasma frequency , defined as , with being the mobile charge carrier density, the permittivity of free space, the effective electron mass and the electron charge [16] , [17] . The charge carrier density can be controlled by the energy density of the incident photons [18] . The expression indicates that the plasma frequency ( THz for silicon) can be tuned by varying the photoexcitation, and by extension it is possible to adjust the opacity of semiconductor materials to the electromagnetic radiation of a certain frequency-below the material acts metallic and is opaque to the THz wave whereas above it acts as a dielectric and is transparent. This phenomenon can be applied to modulate THz waves and generate reconfigurable quasi-optical THz circuits and components directly on an unpatterned semiconductor (e.g., silicon) wafer.
For THz CAI, reconfigurable aperture arrays can be realized using spatial encoding based on the optical modulation mechanism described above. As an example, let us assume a THz image consisting of pixels (e.g., image at the silicon wafer position in Fig. 1 (a)) can be described using a column vector . After focusing, the signal is detected by a single detector as shown in Fig. 1(a) . Clearly, the original image ( pixels) can not be determined by one measurement from the detector. Now, suppose we overlay a 2-D mask on the source image and let there be masks. Each mask can be described using another vector . The mask spatially modulates the intensity of the image and measurements can be performed, resulting in a column vector . and are related by ), or Once is measured using known masks, can be obtained using (1) , resulting a reconstruction of the original image. Square matrices using Hadamard coding [11] , [19] are good candidates for THz CAI. These matrices consist of " " and " " elements with each row orthogonal to all other rows. THz CAI using Hadamard masks is especially attractive for high resolution imaging since these masks always allow approximately 50% of the incident power to be transmitted and detected. Fig. 1 shows the experimental setup [15] , [20] in which a frequency multiplication chain based on Schottky diode multipliers (Virginia Diodes, Inc.) was used as a THz source in the frequency range of 570-600 GHz with an average output power of approximately 1 mW. The output was coupled to free space using a WR-1.5 horn antenna. Four off-axis parabolic mirrors [M1-M4 in Fig. 1(a) ] were used to collimate and focus the THz beam. After passing through the Si wafer that serves as the coded aperture, the focused THz beam was reflected by an indium tin oxide (ITO) coated glass plate onto a broadband zero-bias Schottky diode (ZBD) detector [21] . The ITO-coated plate was mounted at 45 with respect to the THz beam; the ITO-coated plate reflects the THz signal, but is optically transparent so that the optical pattern from the DLP can project onto the Si wafer. A 200 m thick double-side polished semi-insulating silicon wafer was used as the coded-aperture modulator. This silicon wafer was illuminated by a commercially available DLP to generate reconfigurable Hadamard coded aperture arrays for CAI (see Fig. 1(b) for a representative 4 4 Hadamard array). The DLP system consisted of a 0.7" digital mirror device (DMD) panel with 1024 768 dot resolution and a 200 W mercury lamp. For this application, the RGB filter wheel was removed to allow generating white light images with a maximum brightness of 2500 lumens after passing through a visible bandpass filter (400-800 nm). To focus the projected image down to an area of 10 10 mm on the Si wafer, an additional lens was inserted in the optical path. For the imaging demonstration, a thin metal target (covered by absorber) with an open aperture was placed in the THz beam just before the silicon wafer [labeled as "Object" in Fig. 1(b) ] as an object to image. For the THz beam mapping application, the silicon wafer was moved axially along the THz beam while keeping the aperture array patterns focused (the DLP moved together with the silicon wafer).
III. EXPERIMENT SETUP

IV. CONTINUOUS THZ WAVE MODULATION
Previous demonstrations have shown that free-carrier absorption in Si can be effective for optically-controlled modulation of continuous waves in the frequency range of 570-600 GHz [15] . In this work, we have extended this concept to spatially encode the array pixels for reconfigurable Hadamard aperture masks. Fig. 2(a) shows the measured THz responses from the detector as a function of DLP light intensity (0%-100%, 100% corresponding to white light at lumens) for three THz frequencies (i.e., 578.4 GHz, 588 GHz and 592.2 GHz). With increasing illumination intensity, the density of free carriers increases, resulting in reduced transmitted THz power (detector output voltage is proportional to incident THz power in the square-law region of the detector). Fig. 2(b) shows the normalized THz transmission (normalized to the response without light) for 0% and 100% intensity illumination measured over the entire frequency range of 570-600 GHz. A modulation depth, or the "on" (with 0% or black light) and "off" (with 100% or white light) ratio, of 20 dB at 585 GHz has been obtained. A relatively flat modulation depth is obtained over the frequency range of 578-592 GHz.
To estimate the modulation speed, we illuminated uniform white light (100%) pulses onto the silicon wafer by programming the DLP to "flash" at a frequency of 5 Hz and monitored the detector output using an oscilloscope. Fig. 3(a) shows the modulated THz output signals (585 GHz) corresponding to the photo-excitation from the DLP. The transient response of the temporal THz modulation in Fig. 3(b) shows a 10-90% rise (from "off" to "on") time of 550 s, corresponding to a 3-dB bandwidth of 1.3 kHz. This modulation speed is slower than what is expected based on the free carrier recombination rate in silicon [22] , but rather is limited by the speed of the DMD array control electronics ( 1.9 kHz) in the DLP projector. Consequently, using high speed DMD chipsets such as DLPC410 by Texas Instruments, Inc., could be employed to provide a 32-kHz frame rate for much improved imaging speed [22] .
V. THZ CODED APERTURE IMAGING
For a prototype demonstration of THz CAI using the photo-induced reconfigurable aperture arrays [as seen in Fig. 1(b) ], we performed THz imaging at 590 GHz with a 4 4 Normalized transmission for 0% and 100% intensity measured over the entire frequency range of 570-600 GHz. A modulation depth, or "on" and "off" ratio of dB has been obtained [15] . pixel array. In this experiment, we employed the well-known Hadamard coding [11] (4 4 Hadamard matrix containing "1" and " 1" elements) for generating a series of coded masks. In order to generate the " 1" elements in the Hadamard matrix, we recorded the result corresponding to each matrix using an array with elements "1" (aperture "on") and "0" (aperture "off") and its complementary array, and then subtracted the two measurements from each other. In this way, a total number of 32 arrays were used for imaging with 4 4 pixels. The use of compressed CAI [12] can significantly reduce the required number of masks. To verify the effectiveness of this imaging approach, a thin metal target (covered by absorber to reduce standing waves in the system) with an open aperture [shown schematically in Fig. 1(b) ] was used as the test object.
The imaging collection process was performed automatically with a LabView program. Each array pattern was illuminated onto the silicon wafer for one second (for a prototype demonstration) followed by a full black image for another second (50% duty cycle, or a mask rate of 1 mask/second) to reduce the influence of heating effects on the silicon wafer introduced by the physical proximity of the DLP projector. As can be seen in Fig. 3(a) , this heating causes the output voltage of the detector to drift slowly during the "on" (detector voltage increases) and "off" (detector voltage decreases) states. Note that the primary modulation of the beam does not arise from this thermal effect, as it has a much faster time constant see Fig. 3(b) ]; this thermal contribution is a small effect that serves to slightly degrade SNR. In practice, this effect can be eliminated-as well as the full black images with long delay times used here to eliminate its effect-by improved system design (to reduce thermal coupling between the projector and mask wafer). The above procedure was repeated 32 times with reconfigured Hadamard patterns. 16 linear equations (see (1)) were then built and solved to reconstruct the image of the object. For comparison, imaging results using the single-aperture CAI as described in [15] are shown in Fig. 4(b) ; shown in Fig. 4(c) are the imaging results obtained using the Hadamard coding approach described here for two different objects. The reconstructed images agree quite well with the original objects showing this technique is promising for THz imaging.
It should be noted that the CAI approach based on scanning a single pixel as described in [15] can result in lower SNR than with the Hadamard approach described here, because only a small amount of the incident power will be detected for each measurement (since the power is spatially distributed over the detection plane, of which only a small portion is sampled at any given time). This problem becomes more serious for increased number of pixels. Since one of the biggest challenges in THz sensing is to generate sufficient power for practical applications, approaches such as CAI using Hadamard masks are especially attractive since in this case approximately 50% of the incident power is available for detection, independent of the number of pixels. This makes it possible to realize extremely large-scale (e.g., 1000 1000 pixels), low-cost and high-performance THz imaging systems.
Since the modulation speed of this approach was estimated to be 1.3 kHz, a real-time video-rate (24 frame/s) imaging with 5 5 resolution can be potentially demonstrated. A real-time low-cost THz camera for many practical applications could be realized on the basis of this approach. To explore the possibility of continuous imaging as a path towards video-rate collection, we performed continuous THz imaging for tracking moving objects at 590 GHz. In this experiment, a thin piece of metal strip ( 5 mm wide) was slowly moved across the THz beam at a position where the beam radius is estimated to be 20 mm. This area was imaged (see Fig. 5 ) using a mask rate of 8-10 masks/s. Since 128 masks (or measurements) are required for an 8 8 Hadamard array, with the insertion of black frames between each pair of Hadamard masks, this translates to an effective frame rate of 0.03 Hz (or one frame per 30 s). Fig. 5 shows six selected images when the strip moved to different positions. The 20-mm THz beam can be clearly seen from Fig. 5(a) . In Fig. 5(b-f) , an image of the 5-mm strip is seen moving across the THz beam from right to left, demonstrating the potential capability for tracking moving objects using the THz Hadamard CAI. The relatively low frame rate in this experiment was determined by the Hadamard mask generation, data acquisition and communication speed of the current imaging system controlled by a computer with a LabView program. Real-time THz CAI may be possible by directly controlling much faster (e.g., 32 kHz) DMD chipsets and optimizing the system data acquisition.
VI. MAPPING THZ BEAMS
In addition, we applied the above THz imaging approach to map the THz beam in the experimental setup as shown in Fig. 1 . The THz beam radius as a function of distance from the parabolic mirror M4
was first calculated using the Gaussian beam transformation technique described in [24] and the result is shown in Fig. 6 . For mapping the THz beam, the imaging Fig. 1 ) at the three positions indicated in Fig. 5 . Red dashed circles show the calculated THz beam sizes ( mm, 7 mm, and 5 mm for P1, P2, and P3, respectively) using the Gaussian beam transformation technique in [19] . object (thin metal piece) for the prototype CAI demonstration was removed from the system. The silicon wafer was moved to three different positions P1 ( mm), P2 ( mm) and P3 ( mm) as shown in the inset of Fig. 5 . During this process, the projected image from the DLP was kept focused (the DLP moved together with the silicon wafer) and the imaging area on the silicon wafer remained 10 10 mm . As shown in Fig. 7 , THz images at the three positions were taken using the above approach with 6 6 pixels. Although having relatively low resolution, all three images clearly show the THz beam at the positions where the silicon wafer was placed with a brighter region at the imaging area center. The red dashed circles ( 4.5 mm, 3.5 mm and 2.5 mm radius for P1, P2 and P3 respectively) show the calculated THz beam sizes based on Fig. 6 , indicating that good agreement between the theoretical calculation and the experiment. This suggests this approach is a simple but potentially powerful means to visualize THz beams in a quasi-optical system. This same imaging technique could be refined and applied to quantum-cascade laser optimization and characterization, as well as THz antenna characterization. Future work will be focused on the development of real-time and low-cost THz cameras with more sophisticated coding, specifically designed DLP chips/systems, and high-performance THz detectors and receivers [6] , [7] .
VII. CONCLUSION
In conclusion, we report an approach for THz CAI using photo-induced reconfigurable aperture arrays on a silicon wafer illuminated by a commercially available DLP projector. At 590 GHz, each of the array element apertures can be optically turned on and off with a modulation depth of 20 dB and a speed of 1.3 kHz. Prototype demonstrations of 4 4 coded-aperture imaging using the Hadamard coding have been performed. Continuous THz imaging with 8 8 pixels has also been demonstrated, using a slowly moving metal strip. In addition, this technique has been successfully applied to mapping THz beams with 6 6 pixels at 590 GHz. The reported approach provides a simple but powerful means to visualize THz beams, which is potentially valuable for in quasi-optical system alignment, quantum-cascade laser design and THz antenna characterization.
